Fractionated ionizing radiation combined with surgery or hormone therapy represents the first-choice treatment for medium to high-risk localized prostate carcinoma. One of the main reasons for the failure of radiotherapy in prostate cancer is radioresistance and further dissemination of surviving cells. In this study, exposure of four metastasis-derived human prostate cancer cell lines (DU145, PC-3, LNCaP and 22RV1) to clinically relevant daily fractions of ionizing radiation (35 doses of 2 Gy) resulted in generation of two radiation-surviving populations: adherent senescent-like cells expressing common senescenceassociated markers and non-adherent anoikis-resistant stem cell-like cells with active Notch signaling and expression of stem cell markers CD133, Oct-4, Sox2 and Nanog. While a subset of the radiation-surviving adherent cells resumed proliferation shortly after completion of the irradiation regimen, the non-adherent cells started to proliferate only on their reattachment several weeks after the radiation-induced loss of adhesion. Like the parental non-irradiated cells, radiation-surviving re-adherent DU145 cells were tumorigenic in immunocompromised mice. The radiation-induced loss of adhesion was dependent on expression of Snail, as siRNA/shRNA-mediated knockdown of Snail prevented cell detachment. On the other hand, survival of the non-adherent cells required active Erk signaling, as chemical inhibition of Erk1/2 by a MEK-selective inhibitor or Erk1/2 knockdown resulted in anoikis-mediated death in the non-adherent cell fraction. Notably, whereas combined inhibition of Erk and PI3K-Akt signaling triggered cell death in the non-adherent cell fraction and blocked proliferation of the adherent population of the prostate cancer cells, such combined treatment had only marginal if any impact on growth of control normal human diploid cells. These results contribute to better understanding of radiation-induced stress response and heterogeneity of human metastatic prostate cancer cells, document treatment-induced plasticity and phenotypically distinct cell subsets, and suggest the way to exploit their differential sensitivity to radiosensitizing drugs in overcoming radioresistance. Cell Death and Differentiation (2015) 22, 898-911; doi:10.1038/cdd.2014.97; published online 11 July 2014
proposed as a predictive marker of aggressive CaP. The radioresistance in DAB2IP-deficient CaP cells reflects faster repair of DNA double-strand breaks, combined with decreased expression of proapoptotic caspases and enhanced levels of anti-apoptotic proteins Bcl-2 and STAT3. 4 IL-6/STAT3 signaling plays an important role in radioresistance of CaP cells 5, 6 and malignant properties in general. 7 Inhibition of the PI3K-Akt pathway, together with the MAPK-Erk pathway, sensitizes CaP cells to IR, likely due to suppression of AP-1 8 and NFkappaB 9 transcription factors. Radiation-surviving CaP cells exhibit enhanced migration, higher levels of androgen and EGF receptors and activation of their downstream pathways, Ras-MAPK, PI3K-Akt and Jak-STAT. 5 Thus the inhibition of IL-6 signaling, which is highly activated in metastatic CaP cells, 10, 11 results in radiosensitization, 6 inhibition of cell growth, invasion [12] [13] [14] [15] and angiogenesis. 16 The clinical significance of this topic, and the intriguing yet fragmented insights into the cellular and molecular basis of CaP radioresistance, including its reportedly 'heritable' nature, 5 and the lack of a model of metastatic human CaP that would recapitulate the clinically relevant scenario of long-term fractionated radiotherapy, led us to perform the present study. To our knowledge, this is the first study of a series of human metastatic CaP cell lines in terms of their response to longterm fractionated irradiation (fIR, 35 cycles of 2 Gy, mimicking the clinical regimen), in a multifaceted biological and molecular analysis of the resulting CaP cell populations of both adherent and non-adherent nature. The present data set documents several novel findings including biological heterogeneity of the radiation-surviving cell subpopulations, their phenotypic plasticity, stem-like cell and tumorigenic properties. Furthermore, our results reveal differential sensitivity of the two major subpopulations of the radiation-surviving CaP cells to inhibition of complementary signaling cascades, suggesting a strategy for overall elimination of both subsets of metastatic human radiation-surviving CaP cells by combined targeting of their respective pro-survival signaling pathways.
Results
Fractionated ionizing radiation of CaP cells induces two prevalent phenotypes: senescent adherent cells and anoikis-resistant non-adherent cells. To elucidate radioresistance of metastatic CaP cells, we first followed the clinically used radiotherapy regimen 2, 3 and exposed four human CaP cell lines of metastatic origin (DU145, PC-3, LNCaP and 22RV1) to cumulative doses of 70 Gy (2 Gy applied every 24 h for 35 days). Characteristic phenotypic changes observed during the fIR course are schematically depicted in Figure 1a and shown in Figure 1b . As early as after the third dose of fIR, a continuing loss of adhesion was observed in all four cell lines, such non-adherent cells were able to reattach within 10-21 days after the last irradiation time point (re-adherent cells). However, on 35 doses of irradiation, a small subset of the initial cell population remained vitally attached (adherent cells). Similar loss of cell adhesion and subsequent re-adhesion was reproduced with irradiation regimens consisting of either ten consecutive doses of 2 Gy or one dose of 10 Gy. Therefore, in some experiments, these shortened irradiation regimens were used.
Next, we characterized the radiation-surviving adherent fraction. Cell proliferation in this fraction was largely unaffected until the 10th dose of radiation, as detected by EdU incorporation in DU145 (39.1% ± 11.7 labeled, compared with 29.5% ± 5.5 control cells) and PC-3 (36.0% ± 10.6 labeled, compared with 22.5%±5.9 control cells), while the proliferation became slower between doses 11-15 (Supplementary Figure 1a) . Among these adherent DU145 and PC-3 cells, some developed senescence-like morphology. The senescence was progressively developing during the course of irradiation (active DNA damage signaling was assayed as phosphorylation of Chk2 and p53, elevated expression of the p53 target cdk inhibitor p21 waf1/cip1 ; Supplementary As indicated above, small subsets of surviving non-adherent cells were resistant to anoikis, and resumed adherent growth (Figures 1b and c; Supplementary Figure 1e ). Once initiated, such re-adhesion was a sudden process lasting several days and encompassed the majority of non-adherent cells, many of them utilizing the already attached cells as adhesion substrate (Figure 1c ; Supplementary Figures 1f  and 2d ). Formation of rosette-like membrane blebbing accompanied reattachment (Supplementary Figure 2d) , as did sphere-forming growth (Figure 1c ). The tumorigenicity of the re-adherent DU145 cells in immunodeficient mice was preserved (Supplementary Figure 2e) . The same effect of fIR was reproduced in the human breast cancer cell line MCF-7 (Supplementary Figures 1e, f and g ) indicating the phenomenon is not restricted to CaP cells only.
Altogether, fIR of tumor cells led to development of two phenotypically distinct: adherent and non-adherent radiation-surviving cell populations, both capable of renewed proliferation after termination of the radiation stress.
Ionizing radiation induces expression of Snail and loss of cellular adhesion. As the loss of adhesion and resistance to anoikis indicated phenotypic changes, we compared both the non-adherent and adherent radiation-surviving CaP cells for factors involved in epithelial-mesenchymal transition (EMT). We analyzed mRNA levels for EMT-inducers Snail, Slug, Twist1, Twist2, Zeb1 and Zeb2 during fIR in all four populations: parental ¼ non-irradiated, irradiated adherent, non-adherent and re-adherent. The transcription factors whose mRNA levels were altered, that is, Snail, Slug, Twist1 and Zeb2 are shown (Figure 2a; Supplementary Figure 3a) .
The most consistent changes were observed for Snail, known to regulate stress resistance, stem cell-like commitment and EMT in various cancer types. 17 Snail was induced by all three irradiation regimens in the non-adherent cells in both DU145 and PC-3 cells compared with parental and irradiated adherent cells at mRNA ( Figure 1 Generation of adherent and non-adherent radiation-surviving populations in human prostate carcinoma cells by fIR. (a) Schematic representation of the irradiation protocol using 2 Gy every 24 h resulting in the generation of radiation-surviving populations (adherent, non-adherent and re-adherent) in human prostate cancer cell lines DU145, PC-3, LNCaP and 22RV1 (See Material and Methods for details). (b) Phase contrast microscopic images of non-irradiated parental cells (par) and fIR-surviving DU145, PC-3, LNCaP and 22RV1 cell populations after 35 Â 2 Gy fIR (adh and non-adh) or 32 days after last dose of fIR (re-adh). Representative phase contrast images of one from three independent experiments are shown. The image with asterisk represents the re-adherent colony of PC-3 cells obtained after 10 days of fIR. Scale bar, 100 mm. (c) Phase contrast images of control (parental) and irradiated adherent and re-adherent DU145 single-cell colonies captured at indicated time points after 35 Â 2 Gy of fIR. Note, the 'black' cells (arrowheads) are non-adherent cells starting to attach to the layer of adherent cells. Scale bar, 100 mm. adh, adherent; non-adh, non-adherent; par, parental; readh, re-adherent Insights into prostate cancer radioresistance L Kyjacova et al was performed in DU145 and PC-3 cells before a single dose of irradiation (10 Gy; Figure 2d ). Knockdown of Snail, but not of Twist1, reverted the enhanced loss of adhesion in irradiated cells, while having no effect on control cells (Figure 2e) . A similar suppressive impact of Snail downregulation on loss of adhesion was obtained using a tetracycline-inducible Snail shRNA system in DU145 cells exposed to 10 Â 2 Gy fIR (Figures 3d and e) . Furthermore, genes known to be positively regulated by Snail, such as MMP-7, 18 or negatively, for example, integrin alpha2 (ITGA2 19 ), laminin alpha3 (LAMA3), laminin gamma2 (LAMC2 20 ) and E-cadherin (CDH1 21, 22 ) were consistently altered in irradiated non-adherent DU145 cells (Figure 2f ), indicating Snail activity. Indeed, knockdown of Snail led to decreased MMP-7 and increased ITGA2, LAMA3, LAMC2 and E-cadherin (Figure 2g ). Furthermore, ITGA2 was elevated in the non-adherent DU145 cells with doxycyclineinducible Snail shRNA, consistent with Snail-mediated repression of this gene (Supplementary Figure 3f) . Importantly, the major epithelial adhesion molecule E-cadherin was Overall, non-adherent CaP cells lose adhesive properties via EMT, and this process is amplified on radiation stress through elevated expression of Snail.
Fractionated irradiation-induced expression of stem cell markers in the non-adherent cells. The anoikis-resistant survival of non-adherent CaP cells might be associated with acquisition of stem cell properties induced during ionizing radiation. Indeed, compared with all other fractions of control and irradiated cells, the non-adherent DU145 and PC-3 cells showed higher mRNA levels of stem cell-associated genes CD133, Sox2, Oct-4 and Nanog (Figure 3a, Supplementary  Figure 3g ). Shortly after cell re-adhesion, these transcripts returned almost to the pre-irradiation levels observed in the parental cells, indicating a transiently mobilized stem-like cell stage during the non-adherent phase. The elevation of Nanog and Oct-4 protein levels was confirmed (Figure 3b) . Notably, an increased activity of Notch signaling, characteristic for progenitor cells 23, 24 was detected as elevated mRNA of the NOTCH pathway-regulated genes Hes1 25 Anoikis is Bim-mediated apoptosis, 29 and the level (and activity) of proapoptotic Bim is regulated by Erk1/2. [29] [30] [31] Consistent with resistance to anoikis, the level of Bim in irradiated non-adherent DU145 cells was substantially lower than in the irradiated adherent cells (Supplementary Figure 5f ). Inhibition of Erk1/2 led to increased levels of Bim both in control and irradiated cells (Figure 5g ). Furthermore, activation of Erk1/2 by PMA had the opposite effect (not shown) implicating Erk-dependent ubiquitylation and degradation of Bim. 32 In contrast, the anti-apoptotic factor Bcl-XL was increased in non-adherent cells after irradiation (Supplementary Figure 5f) . Inhibition of Erk1/2 led to a decrease of Bcl-XL (Figure 5g ) indicating Bcl-XL is controlled by Erk1/2. Ectopic expression of Bcl-XL in DU145 cells (Figure 5h ) resulted in significantly increased survival of the non-adherent cells after fIR, whereas inhibition of Erk1/2 suppressed survival among the Bcl-XL-overexpressing cells (Figure 5i ), supporting the role of the Erk1/2-Bcl-XL axis in radiation-induced anoikis resistance.
In conclusion, loss of cell adhesion, Snail expression, levels of the apoptotic modulators Bim and Bcl-XL, as well as anoikis resistance of the radiation-surviving non-adherent cells is controlled by Erk1/2 activity.
Simultaneous inhibition of Erk1/2 and Akt pathways has an additive radiosensitizing effect. Enhanced Erk and PI3K-Akt signaling contribute to chemo-and radioresistance of CaP. 5, 8, 33 Therefore, we exposed DU145 cells to 10 daily fractions of 2 Gy in the presence or absence of chemical inhibitors of Erk1/2, Akt or their combination (Supplementary Figure 6b) and followed survival and proliferation of non-adherent and adherent cells, respectively. Inhibition of Erk1/2 alone eliminated any live non-adherent cells, while Akt inhibition alone impacted survival of the non-adherent cells only modestly ( Figure 6a ) correlating with low Akt activity in this fraction (Figure 5a ). The combined inhibitors suppressed survival of IR-exposed non-adherent cells and, importantly, showed a greater anti-proliferative effect than treatment with either inhibitor alone on the IR-resistant adherent CaP cells (Figures 6a and c; Supplementary  Figure 6a) . Furthermore, the observed anti-proliferative effect of the combined inhibitors was greater among the irradiated, compared with non-irradiated CaP cells (Figures 6b and c) . In contrast to CaP cells, normal human diploid BJ fibroblasts treated with the radiosensitizing Figure 6c) .
Complementary to the radiosensitization experiments, the combined inhibition of Akt and Erk1/2 completely suppressed also CaP chemoresistance, otherwise manifested as outgrowth of senescence-resistant colonies of DU145 cells exposed to a subapoptotic, senescence-inducing treatment with doxorubicin (Figure 6d) .
Overall, the combined inhibition of Akt and Erk1/2 impaired survival of the anoikis-resistant non-adherent CaP cells and prevented escape from senescence in the adherent CaP population both after irradiation and doxorubicin treatment.
Acquired radioresistance of CaP cells after fractioned irradiation. Conceptually and therapeutically relevant issue is whether the adherent or the non-adherent cells feature 'radioresistance memory', that is, enhanced survival on later round(s) of irradiation. We noted that the phenotypic switch (the cycle of irradiation-induced loss of adhesion and subsequent re-adhesion) was repeatable at least three times (not shown) indicating stress-induced reversible phenotypic plasticity. However, several population doublings of the re-adherent cells were necessary to revert the mesenchymal phenotype back to the epithelial one (see Supplementary  Figure 7a . for changes in E-cadherin and vimentin after re-adhesion). To assess whether the fIR survivors are more radioresistant than the parental cells, we exposed DU145 cells that survived the 35 doses of 2 Gy as either adherent (adherent survivors) or non-adherent fraction after its re-adhesion (re-adherent survivors) to a single dose of 10 or 40 Gy. Although the overall survival of both adherent and re-adherent survivors did not differ markedly from the parental cells (Figure 7a ) and the colony-forming ability was increased only for the adherent survivors compared to the parental cells (Figure 7b ; consistent with Skvortsova et al. 5 ), the colonies of the re-adherent survivors (although equally numerous as from the parental cells) featured fewer colonies composed of senescent-like cells (Figure 7b) . Importantly, the anoikis-resistant survival of the re-adherent survivors was enhanced compared with both the parental cells and adherent survivors (Figure 7c) .
Altogether, the observed radiation-induced phenotypes likely reflect contributions from both adaptive (partly transient) responses due to plasticity of the metastatic CaP cell populations, and more durable (heritable), selection-acquired resistance to radiation-evoked cellular senescence or anoikis (Supplementary Figure 7b) .
Discussion
As metastatic CaP is essentially incurable due to radioresistance and chemoresistance, we performed this study to better understand the underlying mechanisms to overcome the resistance. Our analyses of human metastatic CaP cell lines DU145, PC-3, LNCaP and 22RV1 during a fractionated ionizing irradiation regimen that mimicked the schedule used One of our key novel results was the role of the Snail-ERK pathway in the EMT phenotype, loss of adherence, anoikis and radioresistance. Our findings of decreased E-cadherin in the radiation-surviving non-adherent cells, accompanied by enhanced levels of the E-cadherin-repressive EMT-inducer Snail, 21, 22 support the role of E-cadherin-mediated intercellular contacts in the maintenance of the epithelial phenotype, 34 the loss of E-cadherin per se as an EMT inducer, 35 and association of EMT with radio-and chemoresistance. [36] [37] [38] [39] Using MEKi and knockdown of Erk1/2 and Snail, we showed that the loss of adhesion after IR required Erk1/2-mediated expression of Snail. Consistent changes in gene expression, including Snail upregulation, and genes of the Notch pathway, have been independently validated by a comprehensive gene expression profiling analysis (not shown). The radiationinduced phenotypic heterogeneity, we report, might reflect transient cellular plasticity as well as stress-evoked responses of preexistent subsets cells seen in the parental DU145 and PC-3 cell populations. [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] Ionizing radiation can promote traits of EMT in normal human mammary epithelium, 41 lung carcinoma 42, 43 and colorectal cancer cells. 44 Furthermore, besides their role in E-cadherin repression, 45, 46 Slug and Snail have been implicated in radioresistance-associated EMT. 47, 48 Snail enhances resistance to apoptosis by activating the PI3K/Akt and Erk1/2 pathways, 28 consistent with our data showing increased radiosensitivity after inhibition of PI3K/Atk and Erk1/2 and downregulation of Snail. Notably, Snail is a substrate of the major radiation-induced kinase ATM, and this phosphorylation is involved in radiosensitivity. 49 Another intriguing aspect of our results is the link between EMT and stem-like cell traits. Epithelial cancer cells undergoing EMT exhibit also features of stemness, 50, 51 and Snail induces both EMT and stem cell-like features in squamous cell carcinoma. 52 We show that besides elevated Snail, radiation-surviving non-adherent CaP cells featured enhanced expression of stem cell-associated genes CD133, 53 Oct-4, Sox2 and Nanog, the latter three capable of reprogramming various differentiated cells toward stemness. 54, 55 Besides these stem cell markers, radiation-surviving non-adherent CaP cells showed increased activity of Notch signaling, a characteristics of diverse progenitor cells. 23, 24 In breast cancer, IR induces Notch 56 and stem-like phenotype, including Notch-dependent upregulation of Oct-4. 57 Notch signaling can also activate EMT. 58 Together with other evidence, [59] [60] [61] our data support an emerging concept that IR promotes a phenotypic switch towards EMT and stem-like traits in epithelial tumors, also consistent with the intriguing yet mechanistically unclear resistance of cancer stem-like cells to genotoxic treatments.
In contrast to reported sphere-forming growth of irradiated lung cancer cells 43 and IR-induced cell cycle entry of breast CSC, 61 the radiation-induced non-adherent CaP cells were proliferatively dormant even in conditions permissive for self-renewal of CSCs (not shown). This supports the notion that EMT-inducing factors reduce cell proliferation, 28, 62 and circulating tumor cells (CTCs) with enhanced Twist1 need to downregulate Twist1 before regaining the ability to proliferate and form macrometastases. 63 We propose that during development of radioresistance in CaP, and possibly other types of cancer, reversion of EMT is necessary for initiation of cell proliferation. This is also supported by our data that the readherent CaP cells exhibited an epithelial phenotype and reduced motility (not shown) indicating reversion of stem-like/ mesenchymal traits during re-adhesion. The phenotypic changes including cell contact and ECM-adhesive molecules observed in the non-adherent irradiated population reverted after cell re-adhesion, coinciding with regained proliferation and tumorigenicity.
There is evidence that EMT/MET is linked with metastatic spread, as the number of CTCs with epithelial or mesenchymal phenotype captured from patients treated for metastatic breast cancer correlated with type of therapy applied. 64 Whereas positive therapeutic responses were accompanied by fewer CTCs and increased epithelial phenotype, patients with progressive disease unresponsive to chemotherapy possessed higher numbers of predominantly mesenchymal CTCs in post-treatment samples. The simultaneous inhibition of Erk and PI3K-Akt signaling we report here resulted in both suppression of resistance to anoikis and prevention of regrowth of adherent CaP in response to IR and doxorubicin, indicating potential use of this drug combination for radio and chemosensitization with abrogation of radio-/chemotherapyinduced tumor cell heterogeneity. Mechanistically, we speculate that DNA damage signaling from therapy-induced recurrent and/or persistent DNA lesions (e.g. from senescent cells 65 ) may promote the observed phenotypic switch via the ATM-induced cytokine network 66 including TGFb family members that can shape the phenotype of treated cancer cells toward EMT and stem cell enrichment in a paracrine manner. Finally, we suggest that such treatment resistance (see Supplementary Figure 7 ) could be overcome, and that the dependency on signaling cascades we report here reveal vulnerabilities potentially exploitable in cancer treatment.
Materials and Methods
Chemicals and antibodies. MEK-Erk inhibitor U0126 (ERKi; 10 mM), Akt1/2 kinase inhibitor (AKTi; 1 mM; Cat. No. A6730) doxycycline hydrochloride (dox) and doxorubicin hydrochloride (doxo), were purchased from Sigma (St Louis, MO, USA). Epidermal growth factor (EGF) and fibroblast growth factor (FGF) recombinant proteins were obtained from Peprotech (Rocky Hill, NJ, USA).
The following antibodies were used for immunoblotting: mouse monoclonal antibody against Erk1 (ECM Bioscience, Versailles, KY, USA), goat polyclonal antibody against DLL1 and mouse monoclonal antibody against Twist1 from Santa Cruz Biotechnology (Dallas, TX, USA), rabbit monoclonal antibodies against Snail (SNAI1), Akt, Nanog XP, Oct-4A, Bcl-XL and phosphoserine 473 of Akt, rabbit polyclonal antibodies against Chk2, p53 and Bim and mouse monoclonal antibodies against p21 waf/cip , phosphoserine 15 of p53 and phosphothreonine 68 of Chk2, all from Cell Signaling Technology (Danvers, MA, USA). Mouse monoclonal antibody against GAPDH was purchased from GeneTEX (Irvine, CA, USA), mouse monoclonal antibody against phosphoserine 139 of histone H2AX from Millipore (Billerica, MA, USA), mouse monoclonal antibody against E-cadherin from BD Biosciences (San Jose, CA, USA) and rabbit polyclonal antibody against phosphothreonine 202/phosphotyrosine 204 of Erk1/2 from Promega (San Luis Obispo, CA, USA). Mouse monoclonal antibody against g-tubulin was provided by Pavel Draber (Institute of Molecular Genetics, Prague, Czech Republic). Mouse monoclonal antibody against Erk2 (B3B9) was prepared by Mike Weber and provided by Tomas Vomastek (Institute of Microbiology, Prague, Czech Republic).
The following antibodies were used for indirect immunofluorescence: mouse monoclonal antibody PG-M3 against PML, rabbit polyclonal antibody against 53BP1
Insights into prostate cancer radioresistance L Kyjacova et al both from Santa Cruz Biotechnology, mouse monoclonal antibody against phosphoserine 139 of histone H2AX (Millipore), mouse monoclonal antibody against E-cadherin from BD Biosciences, rabbit polyclonal antibodies against vimentin from Cell Signaling Technology. Secondary antibodies anti-mouse IgG conjugated with Cy3 from Jackson Immunoresearch Laboratories (West Grove, PA, USA), anti-rabbit IgG antibody Alexa 568 and anti-mouse IgG antibody Alexa 488 were from Invitrogen (Carlsbad, CA, USA).
Cell cultures. Human prostatic carcinoma cell lines DU145, PC-3, LNCaP, 22RV1, human breast carcinoma cell line MCF-7, human embryonic kidney cells HEK293T stably expressing the SV40 large T antigen and human fibroblast cells BJ were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). DU145, PC-3, MCF-7 and HEK293T cells were cultivated in DMEM (glucose 4.5 g/l), LNCaP and 22RV1 in RPMI-1640 (both media from Biochrom, Cambridge, UK) and BJ in DMEM (glucose 1 g/l; Invitrogen) supplemented with 10% fetal bovine serum (PAA, Pasching, Austria), 100 U/ml penicillin and 100 mg/ml streptomycin sulfate (Sigma). Cells were kept at 37 1C under 5% CO 2 atmosphere and 95% humidity.
Cells were irradiated with orthovoltage X-ray instrument T-200 (Wolf-Medizintechnik GmbH, St. Gangloff, Germany) using 0.5 Gy/min dose rate and thorium filter daily with 10 or 35 doses 2 Gy (fIR) or with single dose 10 Gy. Non-adherent cells generated during fIR were collected both during fIR (35 Â 2 Gy) or 24 h after last dose (10 or 35 Â 2 Gy). There was no analytical difference between these two modes of cell collection. However, to avoid possible contamination of non-adherent fraction by mitotic cells of adherent fraction (10 Â 2 Gy fIR), non-adherent cells were transferred through another cultivation flask to enable attachment of mitotic cell contaminants (6-8 h) , then moved to a new flask and daily carefully checked for 'prematurely' attached cells. Using such procedure, potential contamination was practically eliminated.
To obtain re-adherent colonies from non-adherent cells, irradiated non-adherent prostate cancer cells were separated from adherent fraction as stated above and observed for initiation of adherent growth. After re-adherence, cells were cultivated as described above. As non-adherent control, DU145 cells were kept in confluence for 3-5 days and then non-adherent cells were collected.
Images of live cells were captured by inverted tissue culture microscope Nicon Eclipse TE300 (Nicon, Tokyo, Japan) equipped with Leica DFC490 camera and LAS AF software (Leica Microsystems, Germany).
Lentiviral constructs and transduction. Lentiviral vector pCDH-EFINeo-Bcl-XL, constitutively expressing Bcl-XL, was generated by subcloning the EcoRI fragment from pSFFV-Neo-Bcl-XL (#8749 Addgene, Cambridge, MA, USA) into pCDH-CMV-MCS-EFI-Neo (Systems Biosciences, CA, USA). pLKO-Tet-OnshRNA-Snail was generated by ligation of the double stranded oligo 5 0 -CCGGCCA GGCTCGAAAGGCCTTCAACTCGAGTTGAAGGCCTTTCGAGCCTGGTTTTT-3 0 between the AgeI and EcoRI sites in the pLKO-Tet-On vector as described. 67 To produce DU145-empty and DU145-Bcl-XL cell lines, DU145 cells were transduced either with pCDH-CMV-MCS-EFI-Neo or with pCDH-EFI-Neo-Bcl-XL viral particles. 68 For inducible RNAi of Snail, DU145 were transduced with pLKO-TetOn-shRNA-Snail particles. To obtain stabile expression, 72 h post transduction cells were plated into media containing G418 (800 mg/ml) or puromycin (2 mg/ml) and selected for further 10 or 3 days. Snail shRNA expression was induced with 0.7 mg/ml doxycycline (dox), supplied every 48 h to the cultivation media. Non-transduced DU145 cells (wt) treated with corresponding amounts of dox were used as a control. 
To assess radiation-induced loss of adhesion, non-adherent control and irradiated cells (1 Â 10 Gy) were washed twice with PBS and collected (300 g at 4 1C for 5 min) in 300 ml of AnnexinV binding buffer (BD Biosciences). Defined volume of cell suspension was analyzed to assess the total number of cells. The precision of volume intake by high throughput sampler (HTS) unit of LSRII flow cytometer was checked using fluorescent AlignFlo Flow Cytometry Alignment Beads, 2.5 mm (Invitrogen) excitable at 488 nm. Volume intake error was estimated as ±5.13%. eFluor670 staining and analysis: Proliferation of irradiated adherent DU145 cells was estimated with Cell Proliferation Dye eFluor670 (eBioscience, San Diego, CA, USA), which binds unspecifically membrane proteins and is distributed equally between daughter cells during division. Dye fluorescence intensity in APC channel was measured by LSRII flow cytometer. Control and irradiated adherent cells were detached by Versene after 10th dose of irradiation (Gibco, Carlsbad, CA, USA), stained with eFluor670 and either immediately analyzed by FACS or further irradiated (five daily doses of 2 Gy) and analyzed after 11, 13 and 15 dose. To assess the proliferation of irradiated (10 Â 2 Gy) non-adherent cells, cells were collected in PBS after last dose of irradiation (300 g at 4 1C for 10 min), stained with eFluor670 and further cultivated in new Petri dish for 28 days. At 28th day after staining, non-adherent and newly established re-adherent cells were analyzed by FACS as described above.
Click-iT EdU proliferation assay and analysis: Proliferation of nonadherent DU145 cells was assessed during fIR (after 7 Â 2 Gy and 10 Â 2 Gy) and at several post-fIR time points (3, 7 and 10 days after fIR). First, cells were pulselabeled with 10 mM EdU for 3 h, washed with PBS and stained with fixable viability fluorescent dye eFluor780 (eBioscience) according to manufactureŕs protocol. Second, cells were fixed (4% formaldehyde, 15 min at RT), washed twice with PBS and stored at 4 1C. In the post-fIR time points, medium with non-adherent cells was transferred to a new Petri dish 1 day before EdU pulse to prevent mitotic cell contamination from adherent layer. DNA replication was measured using the Click-iT EdU Alexa Fluor 488 Imaging Kit (Invitrogen), customized for flow cytometry. EdU was detected after permeabilization (0.2% Triton X-100, 5 min at RT) by staining cells with Click-iT chemistry for 25 min at RT (azide labeled by Alexa Fluor 488, CuSO 4 and EdU buffer additive in 100 mM Tris, pH 8.5). Samples were analyzed using LSRII flow cytometer with 488 nm excitation. Background values were estimated by measuring non-EdU labeled, but Click-iT chemistry stained cells.
Indirect immunofluorescence. Cells grown on glass coverslips were fixed by methanol:acetone (1:1) at 4 1C or by 4% formaldehyde at RT and permeabilized by 0.2% Triton X-100 15 min at RT. After washing with PBS, cells were incubated in 10% FBS diluted in PBS to block unspecific signal. Cells were subsequently incubated with diluted primary antibodies for 1 h at RT and then extensively washed with PBS. The incubation with secondary antibodies was performed for 1 h at RT. Nuclei were counterstained with 4',6-diamidino-2-phenylindole staining (DAPI; Sigma) followed by mounting in Mowiol (Sigma) or Vectashield HardSet Mounting Medium containing DAPI (Vector Laboratories, Burlingame, CA, USA). Images were captured by fluorescent microscope Leica CTR6000 (Leica Microsystems) equipped with monochrome digital camera DFC350 FX and Leica LAS AF Lite software or Zeiss Axio Imager.A2 equipped with Zeiss AxioCam HR camera and Metamorph software.
SDS-PAGE and immunoblotting. Cells were washed with PBS, harvested into Laemmli SDS sample lysis buffer (2% SDS, 50 mM Tris-HCl, 10% glycerol in double-distilled H 2 O) and sufficiently sonicated (3 Â 15 seconds at 4 micron amplitude with 15 sec cooling intervals) on Soniprep 150 (MSE, London, UK). Concentration of proteins was estimated by the BCA method (Pierce Biotechnology, IL, Rockford, USA). A quantity of 100 mM DTT and 0.01% bromphenol blue was added to lysates before separation by SDS-PAGE (10 and 12% gels were used). The same protein amount (25 or 30 mg) was loaded into each well. Proteins were electrotransferred onto a nitrocellulose membrane using wet transfer and detected by specific antibodies combined with horseradish peroxidase-conjugated secondary antibodies (goat anti-rabbit, goat anti-mouse, Bio-Rad, Hercules, CA, USA). Peroxidase activity was detected by ECL (Pierce Biotechnology) or SuperSignal West Femto Substrate (Thermo Fisher Scientific, Waltham, MA, USA). GAPDH or g-tubulin was used as a marker of equal loading.
Quantitative real time PCR. Total RNA samples were isolated using RNeasy Mini Kit (Qiagen Sciences, Germantown, MD, USA) as described. 69 Briefly, first strand cDNA was synthesized from 200 ng of total RNA with random hexamer primers using High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster city, CA, USA).
qRT-PCR was performed in ABI Prism 7300 (Applied Biosystems) using SYBR Select Master Mix containing SYBR GreenE dye (Applied Biosystems). The relative quantity of cDNA was estimated by DDCT method and data were normalized to RPL37a, GAPDH or b-actin. Following primers were purchased from East Port 0 . The data are expressed as the means ± S.D. of a minimum of two independent experiments performed in triplicates. The P-values were estimated using two-tailed Student's t-test. P-values o0.05 were considered statistically significant.
Senescence-associated b-galactosidase assay. Staining for SA-bGal activity was performed by Senescence b-Galactosidase Staining Kit from Cell Signaling Technology according to manufactureŕs protocol. Coverslips were mounted in Mowiol containing 4',6-diamidino-2-phenylindole (DAPI; Sigma) and images were captured by fluorescent microscope Leica DM6000 (Leica Microsystems) equipped with color camera DFC490 and Leica LAS AF Lite software.
BrdU incorporation assay. Cells cultured on glass coverslips were pulselabeled with 10 mM BrdU (Sigma) for 24 h before fixation with 4% formaldehyde for 15 min at RT. After DNA denaturation in 2 M HCl (30 min), cells were washed in PBS, incubated with mouse monoclonal antibody against BrdU (GeneTex). Images of cells with DAPI-counterstained nuclei were captured by fluorescence microscope Axio Imager.A2 (Zeiss, Germany) using Metamorph software (version 6.2r6; Molecular Devices, Sunnyvale, CA, USA).
siRNA-mediated gene knockdown. Specific siRNAs were introduced into cells using Lipofectamine RNAiMAX (Invitrogen). All siRNAs were purchased from Applied Biosystems. Non-targeting siRNA (siNT) sequences were used as a negative control siRNA. Sense sequences of used siRNAs are listed below: siErk1: 5 0 -GGA CCG GAU GUU AAC CUU Utt-3 0 , siErk2: 5 0 -CAA CCA UCG AGC AAA UGA tt-3 0 siSnail: 5 0 -GAA UGU CCC UGC UCC ACA Att-3 0 , siTwist1: 5 0 -AGA ACA CCU UUA GAA AUA Att-3 0 .
Cell proliferation. DU145 and BJ proliferation curves were estimated by counting trypan blue-negative cells with Countess automated cell counter (Invitrogen) every 2 days during 8-10 day time course. ERKi (10 mM) and AKTi Clonogenic cell survival assay. Clonogenic assay of control (parental) and irradiated 'radioresistant' (adherent and re-adherent) DU145 cells were performed as described. 70 Briefly, cells were seeded on 6-well plates in triplicates and subsequently (6 h post seeding) irradiated with 10 or 40 Gy. Cells were fixed with ice-cold 100% methanol (10 min at À 20 1C) and stained with 0.5% crystal violet in 20% methanol (10 min at RT) at day 13th, and groups in excess of 10 cells were counted as colonies. In some experiments, the size of the colonies above the threshold and presence of senescence-like cells in colonies were examined.
Estimation of tumorigenicity. Immunodeficient male SCID mice (6 weeks old) purchased from AnLab, s.r.o. (Prague, Czech Republic) were acclimated for 2 weeks. Experimental protocols were approved by the Institutional Animal Care Committee of the Institute of Molecular Genetics ASCR, Prague. 1 Â 10 5 or 1 Â 10 6 control (parental) or irradiated (10 Â 2 Gy) re-adherent DU145 cells in 300 ml of DMEM were injected subcutaneously into the right flank of the mice. Cells were stained with trypan blue and counted for viability using Countess automated cell counter before injection (Invitrogen). Tumor onset and tumor size were measured weekly with the use of calipers and calculated by length Â width. N ¼ 5. Statistical significance was estimated by Newman-Keuls multiple comparison test.
Data processing and statistical analysis. FACS data were analyzed using FlowJo 9.6.4 cytometric analytical software (TreeStar, Stanford University, USA). Graphs were generated using Prism 5 (GraphPad Software, La Jolla, CA, USA). P-values were calculated using Student's t-test for two samples assuming unequal variances (Microsoft Excel 2010, Microsoft, Redmond, WA, USA).
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